Abstract In this study, we investigated the lipolytic effects of eicosapentaenoic acid (EPA) in 3T3-L1 adipocytes. The differentiated 3T3-L1 adipocytes were treated in a serum-free medium with 300 lM of EPA for 3, 6, 12, and 24 h. In comparison with the control, intracellular lipid accumulation was significantly decreased by 24% at 24 h following the addition of EPA (P \ 0.05). Under the same experimental conditions, there was an increase of glycerol and free fatty acids (FFAs). The mRNA level of carnitine palmitoyltransferase I-a, a component of the fatty-acid shuttle system involved in the mitochondrial oxidation of long-chain fatty acids, was also significantly elevated by EPA (P \ 0.05). However, the expression of peroxisome proliferator-activated receptor-c and acetyl-CoA carboxylase (ACC), which are involved in adipogenesis, was significantly down-regulated by EPA (P \ 0.05). These results suggest that EPA may modulate lipid metabolism by stimulation of lipolysis, which was associated with induction of lipolytic gene expression and suppression of adipogenic gene expression in 3T3-L1 adipocytes.
Introduction
Adipose tissue stores energy in the form of lipids and releases fatty acids in response to nutritional signals or energy insufficiencies [1] . Excessive fat accumulation in the white adipose tissue causes obesity and leads to in an increased risk of various disorders, such as type II diabetes, hypertension and coronary heart disease [2, 3] . Consequently, there has been considerable interest in the role of dietary fat in the development of adiposity. Compared to lard or corn oil-fed groups, total body fat or abdominal fat mass were considerably reduced in rodents fed with fish oil or perilla oil containing plenty of n-3 polyunsaturated fatty acids (PUFA) [4, 5] . The polyunsaturated fatty acids, especially those in the class of n-3 fatty acids, are now known to affect all four of the metabolic nuclear receptors that modulate triglyceride (TG) levels. These include liver 9 receptor (L 9 R), farnesoid 9 receptor (F 9 R), and hepatocyte nuclear factor-4a (HNF-4a), and peroxisome proliferator-activated receptors (PPARs) controlling the expression of genes involved in lipid and glucose metabolism [6, 7] . However, the direct effect of n-3 fatty acids on lipolysis in vitro remains largely unresolved.
In the present study, we investigated the effects of eicosapentaenoic acid (EPA), known as one of the most critical components of n-3 PUFA, on lipid metabolism and the underlying mechanisms in 3T3-L1 adipocytes. We hypothesize that EPA stimulates lipolysis through induction of lipolytic gene expression and suppression of adipogenic gene expression. We measured the lipid accumulation and release of free fatty acids (FFAs) and glycerol into medium followed by EPA treatment. In addition, the mRNA levels of the adipogenic genes including peroxisome proliferator-activated receptor-c (PPAR-c) and acetyl-CoA carboxylase (ACC), and carnitine palmitoyltransferase I-a (CPT-Ia), one of lipolytic genes, were measured.
Materials and methods

Materials
EPA (Sigma, St. Louis, MO; purity [99%) was dissolved in ethanol and stored in the dark as stock solution at -20°C. The EPA were freshly prepared from the stock solution and diluted with growth medium. An acyl-CoA oxidase-based colorimetric kit (NEFA-C) was obtained from Wako (Tokyo, Japan), and a BCA protein assay kit was obtained from Pierce (Rockford, USA). The 3T3-L1 cell line was obtained from American Type Culture Collection (Manassas, VA).
Cell culture 3T3-L1 fibroblasts were initially maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM/l glutamine, 100 U/l penicillin, and 100 lg/ml streptomycin in a humidified atmosphere of 95% air/5% CO 2 at 37°C. To induce adipocytic differentiation, 3T3-L1 cells were allowed to grow to confluence and cultured with differentiation medium containing 0.5 mM/l isobutylmethylxanthine, 1 lM/l dexamethasone, and 5 lg/ml insulin. After 48 h exposure to the differentiation medium, cells were maintained for an additional 5-7 days in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were then treated with 300 lM/l of EPA for 3, 6, 12, or 24 h in serum-free media.
Oil Red O staining
The 3T3-L1 adipocytes were washed with phosphate-buffered saline (pH 7.4) and then fixed with 10% formalin in phosphate-buffered saline. Cells were stained with Oil Red O dye (saturated Oil Red O dye in six parts of isopropanol and four parts of water). Spectrophotometric quantification of the stain was performed by dissolving the stained oil droplets in the cell monolayer with 4% Nonidet P-40 in isopropanol and measuring absorbance at 520 nm [8] . The values were calculated as percentages of the control cells treated without EPA and expressed as the mean ± SD.
Lipolysis assays
The amounts of glycerol and FFA released from cells into the medium were measured to analyze the lipolytic effect of EPA on the accumulated triacylglycerol in adipocytes. Medium was collected from the culture plate and heated at 65°C for 8 min to inactivate any enzymes released from the cells. The amounts of glycerol and FFA were measured by using a commercial glycerol analysis kit (Roche) and an ACO-based colorimetric kit (Wako), respectively. Cellular protein content was analyzed using a BCA protein assay kit (Pierce). Data were expressed as the mean ± SD.
Quantitative real-time reverse transcription-polymerase chain reaction (PCR) Total RNA was extracted from 3T3-L1 adipocytes using TRIzol 1 Reagent (Promega, Madison, WI). The cDNAs were synthesized from 5 lg of RNA using M-MLV reverse transcriptase (Promega). After cDNA synthesis, quantitative real-time PCR was performed in 25 ll of Universal SYBR Green PCR Master Mix (Qiagen, Chatsworth, CA) using a fluorometric thermal cycler (Rotor-Gene TM 2000; Corbett Research, Mortlake, NSW, Australia). Reaction mixtures were incubated for an initial denaturation at 95°C for 10 min, followed by 50 PCR cycles. Each cycle consisted of 95°C for 10 s, 55°C for 20 s, and 72°C for 20 s. Primers were designed using an on-line program (primer3_ http://www.cgivo.2) [9] . The sequences of the sense and antisense primers used for amplification were as follows: PPARc, 
Statistical analysis
The results are expressed as mean ± SD. The statistical significance of differences between groups was determined by the Student's t-test (two-tailed) using the SPSS package program version 11.0 (SPSS, Chicago, IL). Also, the significant differences among groups were determined by oneway analysis of variance. The results were considered to be significant if the value of P was\0.05, and Tukey's multiple range test was performed if differences were identified between groups at a = 0.05.
Results and discussion
The differentiated 3T3-L1 adipocytes were treated in a serum-free medium with 300 lM/l of EPA for 3, 6, 12, and 24 h. The intracellular oil droplets were stained with Oil Red O dye and quantified. In comparison with the control, lipid accumulation was significantly decreased by 24% at 24 h following the addition of EPA, but had no effect during early stages 3 to 12 h of the experiment ( Table 1 ). The amounts of glycerol released into the medium was notably increased by 61% at 24 h following the addition of EPA, but had no effect during the early stages 3 to 12 h of the experiment (Fig. 1a) . Additionally, the amounts of FFA in the medium were increased compared to the control by 38.5 and 44.6% at 12 and 24 h, respectively (Fig. 1b) . These results led to the conclusion that EPA stimulated lipolysis in adipocytes as evidenced by the decreased lipid content in cells and the increased concentrations of glycerol and FFA in the medium. Lending further support to our findings, other investigators reported that the plasma TG levels were decreased in animals given n-3 PUFA diet, compared with the control diet [10, 11] , in order to investigate the underlying mechanisms of inhibitory effects of EPA on lipid accumulation, the mRNA levels of the lipolytic gene, such as CPT-Ia (and adipogenic genes such as PPAR-c and ACC were analyzed by real-time PCR). CPT-Ia, which is located on the outer mitochondrial membrane, is the rate-limiting enzyme for fatty acid oxidation. Following the activation of fatty acids to produce acyl-CoA thioesters, CPT-Ia catalyzes the transfer of acyl groups from acyl-CoA to carnitine, producing acylcarnitine. This reaction is the initial step in the transport of longchain fatty acids from the cytosol into the mitochondrial matrix for fatty acid oxidation [12, 13] . In this study, the mRNA level of CPT-Ia was significantly increased by 2.3-fold compared to the control (P \ 0.05) following EPA supplementation (Fig. 2) . This finding strongly indicats that EPA may promote CPT-Ia gene expression for mitochondrial fatty acid b-oxidation. PPAR-c is the adipocytespecific transcription factor that appears to promote adipocyte differentiation and control the expression of several fat-specific genes [14, 15] . ACC is known as the ratelimiting enzyme in the de novo synthesis of fatty acids [16, 17] . In our study, the mRNA level of PPAR-c was found to be decreased after EPA supplementation by 53.4% compared to the control (P \ 0.05). In addition, the mRNA level of ACC was decreased by 63.7% (Fig. 2) . These results imply that EPA attenuates lipid accumulation in adipocytes, possibly via down-regulation of PPAR-c and 
